Prenylcysteine derivatives are of interest for a variety of different biological reasons, including probing the CaaX protein processing pathway. A solid-phase synthesis protocol for the preparation of prenylcysteines using 2-chlorotrityl chloride resin as a solid support has been developed. A series of novel amide-modified farnesylcysteine analogs were synthesized in both high purity and yield under mild conditions. The farnesylcysteine analogs were evaluated using human isoprenylcysteine carboxyl methyltransferase as a biological target, and several new inhibitors, one with significantly enhanced potency, were identified.
Introduction
Many proteins contain a C-terminal sequence motif called a CaaX box, where C is cysteine, aa are generally aliphatic residues, and X can be one of several amino acid residues. 1 This motif signals many of these proteins for a series of at least three post-translational modifications ( Figure 1 ). The first step is attachment of a 15-carbon farnesyl or 20-carbon geranylgeranyl group to the CaaX cysteine by either protein farnesyltransferase or protein geranylgeranyltransferase I, respectively. Following prenylation, the last three amino acids are removed proteolytically by the enzyme Rce1, and last, the newly exposed R-carboxyl group is methylated by the enzyme isoprenylcysteine carboxyl methyltransferase (Icmt).
2 Recent estimates suggest that approximately 120 human proteins are farnesylated or monogeranylgeranylated, including the Ras family of oncoproteins. 3 Importantly, mutations in the ras oncogene are responsible for approximately 15-20% of all human cancers, leading to intense interest in inhibitors of the CaaX processing pathway as potential anticancer agents. 4 Because of the biological importance of isoprenylated proteins, 1 there have been numerous efforts to develop chemical tools to interrogate their function. 5 In particular, prenylcysteine analogs 6 and prenylated peptides 7 have proven to be valuable agents for biological studies. We are interested in developing † 8 Recently, the Casey laboratory has reported that an Icmt inhibitor, cysmethynil, identified from a compound library, exhibits activity against cancer cells.
9
Early studies on the synthesis of prenylated peptides focused on the solid-phase synthesis of nonprenylated peptides followed by the selective prenylation of a free cysteine residue in solution.
10 Fragment condensation routes have also been employed. 11 Other groups have developed methods for the solidphase synthesis of prenylated peptides on a variety of linkers such as oxime, 12 PTMSEL, 13 and sulfonamide. 14 However, we wished to develop a method that would allow the on-resin attachment of prenyl groups in order to synthesize diverse libraries of prenylcysteine derivatives. Here we report both the development of such a method and its use to prepare a library of prenylcysteine analogs. One of these analogs exhibits significantly enhanced inhibitory potency against human Icmt.
Results and Discussion
We have previously reported the solution-phase synthesis of a 23-member library of amide-modified farnesylcysteine derivatives (AMFCs) . 15 This initial library was screened against Icmt, and six inhibitors possessing bulky aromatic and aliphatic carboxylic acids attached to the R-nitrogen of the cysteine were identified. The farnesyl cysteine analog containing an N-1-adamantylcarbonyl group, 4j, (Chart 1) was identified as the most potent inhibitor of Icmt with an IC 50 of 12 µM.
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Encouraged by these findings, a method was developed for the solid-phase synthesis of prenylcysteine analogs to facilitate the synthesis of a more comprehensive library of AMFCs. A set of AMFCs based on the previous library and the adamantyl lead (Chart 1) was targeted for synthesis initially.
The solid-phase synthesis of farnesylcysteine derivatives is complicated by the acid lability of the allylic thioether bond connecting cysteine to the prenyl group. It has been shown that the solid-phase synthesis of lipidated peptides requires mild, nonacidic cleavage conditions. In 2002, the Waldmann group reported an elegant solid-phase method for the synthesis of prenylated peptides terminating in a methyl ester on a hydrazine resin. 16 Unfortunately, this method did not work well in our hands for the generation of peptides that end in a free carboxylate, a necessary feature for this class of Icmt inhibitors. Subsequently, Waldmann also reported problems arising from radical side reactions that occurred during cleavage from the hydrazine resin.
14 Thus, for the purposes of synthesizing the desired prenylcysteine library, a new approach to the preparation of prenylcysteine derivatives on solid phase was developed.
The 2-chlorotrityl chloride resin has proven to be a versatile and useful tool for the synthesis of a variety of peptides, 17, 18 with certain specific advantages over other solid supports. First, because of the S N 1 mechanism of the loading step, attaching the cysteine to the chlorotrityl resin does not require activation of the cysteine carboxyl group, thereby decreasing the likelihood of racemization. Second, the cleavage conditions are very mild and result in the rapid, quantitative release of the modified cysteine from the bead. Third, the resin is commercially available and relatively inexpensive.
Prior to beginning the synthesis of the AMFC set, several steps of the proposed solid-phase synthetic route to prenylcysteine analogs required optimization. These included the loading of the protected cysteine derivative, the deprotection of the cysteine sulfur, and in particular the cleavage of the analog from the resin. We found that using dithiothreitol as a reducing agent, together with diisopropylamine, for cleavage of the cysteine protecting group resulted in fewer side products than the alternative procedure using tributylphosphine and water. 19 Interestingly, when collidine was used as a base instead of diisopropylethylamine, we observed no cleavage of the disulfide bond. 20, 21 We compared a variety of cleavage cocktails including 1:4 hexafluoroisopropanol/dichloromethane, 1:2:7 acetic acid/trifluoroethanol/ dichloromethane, 0.5:99.5 trifluoroacetic acid/dichloromethane, 1:99 trifluoroacetic acid/dichloromethane, and 3:97 trifluoroacetic acid/dichloromethane. Although none of these conditions resulted in significant loss of the farnesyl group from the cysteine, the 0.5:99.5 mixture of trifluoroacetic acid/ dichloromethane was chosen for subsequent use because of its speed and nearly quantitative release of the AMFCs from the resin. The 1:4 hexafluoroisopropanol/dichloromethane conditions were attractive because of the essentially neutral nature of this mixture, but it did not always result in efficient release of the analog from the bead. Additionally, the higher cost of hexafluoroisopropanol combined with the requirement that it be used in higher proportion to TFA made this option less desirable. While the 1:2:7 acetic acid/trifluoroethanol/ dichloromethane solution worked well, it was much slower than the TFA solution, which required only 2-3 min for complete product release.
The solid-phase synthetic route to prenylcysteine analogs is outlined in Scheme 1. The commercial 2-chlorotritylchloride resin is coupled to Fmoc-Cys(SStBu)-OH, using 1% collidine in dichloromethane. Any unreacted trityl moieties were capped as methoxides by addition of a 1% collidine/MeOH solution to the reaction mixture. Reductive removal of the dithio-tert-butyl protecting group from 1 with dithiothreitol was followed by coupling of the desired farnesyl side chain to the free thiol, using farnesyl chloride as the electrophile and collidine as the base to afford intermediate 2. Next, the Fmoc protecting group was removed with 20% piperidine/DMF. Coupling of the selected carboxylic acid with the resulting free amine was accomplished using HBTU/HOBt. 22 The polymer-bound prenylcysteine analog 3 was then released from the resin using our optimized cleavage conditions. Purification by either normal-phase chromatography or C 18 reversed-phase chromatography afforded prenylcysteine analogs in purity suitable for characterization and biochemical evaluation, in 45-65% yield based on resin loading.
The 10 prenylcysteine analogs 4a-j (Chart 1) were screened against recombinant human Icmt 23 using our recently developed Icmt scintillation proximity assay.
14,24 The carboxyl substituents chosen were primarily bulky hydrophobic moieties similar to the lead adamantyl compound 4j. The octanoyl derivative 4i is an exception and was prepared as a control for the effect of hydrophobic moieties on activity. Seven of the analogs, which included our original lead 4j, resulted in a 50% or greater decrease in Icmt activity in the SPA at a concentration of 50 µM. Three of the 10 compounds-the norbornyl analog 4c, the 2-napthyl analog 4g, and the octanoyl analog 4i-were inactive in the SPA. The seven active analogs were then further evaluated using a vapor diffusion assay (VDA) 21 to determine IC 50 values (Table 1) . It should be noted that the "hit" rate in this small collection was significantly higher than in our original study of AMFCs as Icmt inhibitors.
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None of the compounds were more potent than the lead adamantyl analog 4j. However, the o-biphenyl analog 4f is equivalent in potency (IC 50 ) 12.1 µM), and the biphenyl scaffold is significantly more amenable to derivatization than the adamantyl scaffold. Note that the biological findings here further confirm that the inhibitory activity of AMFCs does not 
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correlate simply with the hydrophobicity of these compounds 25 but is related to steric bulk. An additional 16 analogs depicted in Chart 2, based primarily on the biphenyl scaffold, were synthesized as shown in Scheme 1. A preliminary screen indicated that only 5 of the 16 analogs were Icmt substrates. The 11 non-substrates were assayed for inhibitory activity using the VDA, and all 11 were found to inhibit Icmt by at least 30% at a concentration of 10 µM. The four indicated compounds in Chart 2 were clearly more potent than the o-biphenyl analog 4f. The o-phenoxy derivative (5e) inhibited the ability of Icmt to methylate AFC by nearly 80% at 10 µM and is nearly 3-fold more potent (IC 50 ) 4.3 µM) than the previous adamantyl-or biphenyl-modified lead Icmt inhibitors. Eleven of the 16 analogs evaluated in the compound library based on the 2-biphenyl scaffold were inhibitors. This result represents a substantial increase in both potency and hit rate from the previous libraries.
With a suitable lead compound (5e) identified, we next determined if this protocol could be used to generate prenylcysteine analogs modified on both the amide and the prenyl moieties. It was hypothesized that a cysteine compound containing both the 2-phenoxyphenyl N-substitution and a farnesyl moiety known to lead to a modest inhibition of Icmt 23 may be a more potent Icmt inhibitor. The synthesis of this "bidentate" potential inhibitor is shown in Scheme 2. This compound exhibited no substrate activity and inhibited Icmt with an IC 50 of 2.5 µM, significantly more potent than the parent o-phenoxyphenyl analog 5e (by ∼ 40%). This initial finding suggests that disubstituted cysteines can have increased affinity for Icmt and thus supports the further investigation of "bidentate" prenylcysteine analog libraries.
In summary, a solid-phase method for the synthesis of amide-modified farnesylcysteine analogs was developed using the 2-chlorotritylchloride resin as a solid support. Using this method, two libraries of AMFCs were synthesized and evaluated as inhibitors of Icmt. The products were obtained in 45-65% yield based on resin loading and in good purity (>90%). The potential to split the prenylcysteine mixture and introduce additional diversity in the penultimate step maximizes the efficiency of the process and greatly accelerates the synthesis of the library. This procedure may also be more broadly useful for the synthesis of other prenylcysteine and prenylpeptide derivatives.
Combining the data from the two solid-phase libraries and the previously described AMFC library, 15 trends in activity begin to emerge. Flexible linkers between the amide group and the R-group of the AMFCs tend to lead to Icmt substrates; both compounds 5f and 5l are more efficient Icmt (25) (a) Using data from our previously published set of AMFCs, 15 substrates than the prototypical N-acetylfarnesylcysteine. Conversely, AMFCs containing sterically bulky substituents such as quaternary centers adjacent to the amide group tend to lead to inhibitors of Icmt. The most potent AMFC inhibitor was the 2-phenoxyphenyl compound 5e. It exhibits a 3-fold increase in potency over that of the adamantyl and 2-biphenyl compounds. The 2-anilinophenyl compound 5h was also a potent analog indicating that a spacer between the two phenyl rings confers increased potency to the 2-biphenyl scaffold of Icmt inhibitors. With each of the three libraries synthesized, both the inhibitor hit rate and the potency of the inhibitors identified increased, indicating the effectiveness of AMFCs as lead Icmt inhibitors. Note that the preparation of the third AMFC library led to four compounds with singledigit micromolar IC 50 's, whereas the first two libraries contained none.
We have synthesized >50 farnesylcysteines with amide modifications and identified a lead Icmt inhibitor with an IC 50 of 4.3 µM (5e). It was hypothesized that replacing the farnesyl group with a synthetic farnesyl analog might further enhance the potency of 5e. An amide-modified and farnesyl-modified cysteine was synthesized to evaluate the effect of modifications at two positions on the cysteine. The chimeric AMFC contained the 2-phenoxyphenylcarbonyl group on the nitrogen and a previously identified p-biphenyl farnesyl mimic 23 on the sulfur of the cysteine. This compound inhibited Icmt with an IC 50 of 2.5 µM. This represents a nearly 40% increase in potency over 5e, indicating that disubstituted cysteines (modified on both the N and S) can be more effective inhibitors than cysteine derivatives substituted on either the N or S alone. In summary, we have developed a new solidphase route to prenylcysteine analogs and utilized it to generate an effective Icmt inhibitor.
Experimental Section
Solid-Phase Synthesis of AMFC Analogs. General Procedure for Loading Cysteine onto Resin. 2-Chlorotrityl chloride resin (103 mg, 0.114 mmol) was placed in a 25 mL fritted peptide vessel under argon. To this was added 3 mL of anhydrous CH 2 Cl 2 . In a separate vial, Fmoc-Cys(StBu)-OH (110 mg, 0.255 mmol) was dissolved in 4 mL of anhydrous CH 2 Cl 2 to which was added 2,4,6-collidine (37 µL, 0.281 mmol). After 5 min the solvent was removed from the resin, and the solution of Fmoc-Cys(StBu)-OH was transferred to the resin. The mixture was gently agitated for 3 h on a peptide shaker under argon. Then, 5 mL of a 1% solution of 2,4,6-collidine in MeOH was then added, and the mixture was agitated for an additional 10 min. The mixture was drained, and the resin was washed 3× each with DMF, CH 2 Cl 2 , and DMF. The resin was then dried under high vacuum overnight. By weight, an 80% loading efficiency was achieved.
General Procedure for Reduction of -StBu Group. Dithiothreitol (100 mg, 0.65mmol) was dissolved in a 2% diisopropylethylamine/DMF solution and added to the resin-bound cysteine, and the reaction vessel was gently agitated overnight. The solvent was drained, and the resin washed 3× each with DMF, CH 2 Cl 2 , and DMF. A small aliquot of resin was removed, cleaved, and subjected to reverse-phase HPLC analysis, which determined the reaction to be complete.
General Procedure for Farnesylation of Resin-Bound FmocCysteine. 2,4,6-Collidine (95 µL, 0.72 mmol) was added to a solution of farnesyl chloride (0.36 mmol) in 4 mL of CH 2 Cl 2 . This solution was added to the resin-bound cysteine under argon, and the reaction vessel was gently agitated for 4 h at ambient temperature. The solvent was then drained, and the resin was washed as before. HPLC analysis following cleavage of a small portion of resin determined the coupling to be quantitative.
Cleavage of N-Fmoc Group from Cysteine. A 4 mL portion of a 20% solution of piperidine in DMF was added to the resinbound farnesylcysteine, and the vessel was agitated for 10 min. The solvent was drained and rinsed once with DMF, and the process was repeated. The solvent was drained, and the resin was rinsed as before.
General Procedure for Coupling of Carboxylic Acids. 1-Adamantaneacetic acid, hydroxybenzotriazole (HOBt), and HBTU (0.36 mmol of each) were dissolved in 4 mL of DMF, and 2,4,6-collidine (0.40 mmol) was then added. After 5 min this solution was then added to the resin and agitated for 3 h. The solvent was drained, and the resin was rinsed as before.
General Procedure for Cleavage of AMFC from Resin. The resin-bound 4b was treated twice with a 0.5% solution of trifluoroacetic acid in CH 2 Cl 2 for 3 min. The solution was drained into a round-bottom flask, and the resin was washed twice with anhydrous CH 2 Cl 2 . In selected cases, the crude mixture was analyzed by HPLC (C 8 reversed-phase analytical columm; 1.0 mL/min flow rate; 90% A/10% B to 100% B over 20 min (A, 0.025% trifluoroacetic acid/water; B, acetonitrile)); the crude SCHEME 2. Solid-Phase Synthesis of N,S-Disubstituted AMFC Analog 7
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AMFC was obtained in good purity (70-90%). The solvent was removed in vacuo, and the crude material was loaded directly onto a silica column (mobile phase 0.5% MeOH, 0.5% AcOH, 99% CH 2 Cl 2 ) and purified to give 28 mg of 4b, 65% (based on starting cysteine derivative loaded onto the resin). Alternatively, in certain cases, the AMFC was purified by C 18 reversed-phase sep pak syringe cartridges (Fisher Scientific), using a gradient of 20:80 acetonitrile/water to 100% acetonitrile (with 0.5% (v/ v) trifluoroacetic acid).
N N-2-((S)-4-Phenyl-2-oxo-oxazolidin-3-yl)acetyl-L-cysteine[S-(2E,6E)-3,7,11-trimethyldodeca-2,6,10-trienyl]-OH (5f) . This compound was synthesized in 60% yield following the general procedure for the solid-phase synthesis of AMFCs.
N-3-Phenylbenzoyl-L-cysteine[S-(2E,6E)-3,7,11-trimethyldodeca-2,6,10-trienyl]-OH (5g). This compound was synthesized in 58% yield following the general procedure for the solid-phase synthesis of AMFCs. N-2-Phenoxybenzoyl-S-3-(3-methyl-but-2-enyl)-5-(4-biphenyl)pent-2-enyl-L-cysteine (7). This compound was synthesized in 40% yield following the general procedure for the solid phase synthesis of AMFCs, with the exception that farnesyl chloride was replaced as the prenylating reagent with the previously prepared bromide 8.
the addition of 50 µL of 1 M NaOH/1% SDS solution (50 µL). The reaction mixture (100 µL) was spotted onto a folded piece of filter paper. The filter paper was lodged in the neck of a scintillation vial containing 10 mL of scintillation fluid. The vials were capped and allowed to sit for 2.5 h to allow diffusion of the [
14 C]methanol into the scintillation fluid. After 2.5 h, the filter paper was removed, and the vials were shaken and then counted in a scintillation counter. Icmt activity (% control) was fitted versus AMFC concentration to determine the reported IC 50 values.
